A trace gas technique for measuring clothing microclimate air exchange rates. The rate at which clothing microclimate air is exchanged for ambient air influences the sensible and insensible heat loss from the microclimate. Factors which influence this air exchange are clothing permeability, wind speed, body movements, clothing design, and fabric properties. The influence of the first four factors has been studied using a trace gas technique for measuring the rate at which microclimate air is exchanged for ambient air. The trace gas technique and the mathematicalmodel describing the loss of the trace gas from the microclimate are described. The technique is shown to have a high resolving power, enabling small changes in the four factors studied to be identified, and as the method is also very quick detailed studies of garment design can be made.
One of the functions of clothing is to modify, in a favourable manner, the wearer's microclimate. This is done to a large extent by stabilizing the layer of air next to the body and limiting its exchange with the environment. A complete lack of exchange between the ambient air and that trapped by the clothing is, however, undesirable as the body is losing water as insensible perspiration all the time, and this water would accumulate in the clothing and adversely affect comfort and thermal insulation. A limited and controlled exchange of air between the microclimate and the environment is therefore required. The permeable conventional fabrics used in ordinary clothing achieve this to a certain extent and allow the movement of water vapour by diffusion and mass transfer. Many forms of specialized clothing, however, have to be made from impermeable fabrics, as, for example, water-proof clothing, and the exchange of saturated microclimate air for ' Now at the Department of Mathematics, University of Surrey, Guildford ambient air has to be achieved by suitable garment designs which allow air to move in and out at garment openings. The problems involved in selecting the best design for microclimate air turnover lie to a large extent in measuring or obtaining some indications of the air exchange. This is normally done indirectly by physiological tests involving long expensive procedures beyond the resources of most laboratories concerned with the development of industrial clothing. For this reason clothing assessment has remained largely the prerogative of university and Government laboratories.
It is apparent, therefore, that a method which can quickly and simply measure the rate of exchange between the ambient and microclimate air would be of considerable use in the development of specialized clothing.
For a number of years now the rate of air exchange in rooms has been determined by trace gas dilution techniques, and the following account describes such a technique developed for the study of clothing microclimate air exchange and the mathematical treatment of the data. Carbon dioxide was originally tried as the trace gas but it proved unsuitable as it 'fell' out of the clothing even at low concentrations. Nitrogen was therefore used to dilute the oxygen in the microclimate and the ensuing build-up of oxygen to the atmospheric level followed.
Garments tested Four studies were made of a wide range of garments.
First study Five garments were tested (for design features see Fig. 1 ).
1. A commercially available bibbed trouser and jacket duck suit design (DS) which was used as a standard. This garment was a loose one with no constriction at the wrist, ankles or waist and is recognized as a comfortable garment. The material was a PVC-coated cotton.
2. A bibbed trouser and jacket design, tighter fitting and with elastication at the ankles and wrist. The outer material was a polyurethane-coated nylon which was lined with a similar material. This garment is referred to in the tables and text as FA.
3. An identical design to No. 2 but lined with a foamed back scrim 2 mm thick, which provided additional insulation. The cuffs and ankles were not elasticated. This garment is referred to as FB. 4. A typical fisherman's smock (S) made from a PVC on cotton material and worn with thigh boots.
5. A one-piece garment similar to a boiler suit in design made out of 4 mm thick foamed neoprene (FNBS No. 1). Circulation of air was partially restricted at the ankles and wrists and the zip down the front was virtually air tight.
Second study In the second study the duck suit (DS) and foamed neoprene boiler suit (FNBS No. 1) were used with the following additional garments: 6. A redesigned and lined duck suit (LDS No. 1) constructed from a heavier gauge PVC-coated cotton with a lining material of impermeable polyurethanecoated nylon and between the two layers a 2 mm thick layer of foamed plastic.
7. A garment of identical design but made from a lighter fabric (LDS No. 2).
8. A foamed neoprene boiler suit with design modifications to improve mobility and constructed from 3 mm thick material (FNBS No. 2).
The underclothing worn in both studies was identical for all the garments apart from the foamed neoprene suits and consisted of woollen serge trousers, cotton pants, vest, and shirt and woollen pullover and socks. The neoprene suits were worn with cotton trousers, vest, and shirt.
Third study In this study chemical-resistant garments were evaluated. Chemical-resistant clothing is often impermeable and careful design is needed to achieve thermal comfort. A number of PVC-coated chemical proof garments were therefore tested to determine if the trace gas technique could identify the influence of various design features. The garments tested in the third study were:
1. A one-piece combination suit with a zip and buttoned flap down the front and press stud fasteners at the wrists and ankles. The suit was worn with NEOPRE NE wellingtons and the cuff and trouser bottom openings were restricted with the press stud fasteners. A In the first and second studies the subject hauled on a rope to lift a weight up one meter and then lowered it, repeating the movement 12 times a minute. For the third study the subject walked about the wind tunnel at 96 steps per minute. The influence of different types of work on the air exchange rate was studied in the lined duck suit (LDS No. 1) which was fitted with wrist seals. Five different work routines were studied in a wind speed of 210 ft/min (107 m/sec). The work routines were walking, stepping on and off a 1 ft (0 3 m) stool 12 times a minute, lifting a weight from the floor to bench height and then putting it back down again 12 times a minute, raising and lowering the arms about 30 times a minute, and a routine called fish handling which consisted of picking up blocks of wood from the floor and throwing them into a dustbin at a distance of 6 ft (1 8 m) and to one side. A lift, turn of the trunk, and throw were therefore involved in the movement; the subject was facing across the air stream in this last routine and into it in the others.
Gas sampling and distribution system Separate systems were used for sampling the microclimate and feeding in nitrogen (Fig. 2) . The sampling system consisted of two sets of 1 mm i.d. PVC tubes, one set sampling the trunk, the other the legs. In each set the tubes were of the same length and only opened at the end. The leg harness consisted of four tubes, all going to one leg, which withdrew samples from the back and front of the thigh and calf. The trunk harness consisted of six tubes which sampled from the forearm, arm, chest, abdomen, scapula, and lumbar region. The tubes in each harness were brought together into manifolds which were mounted on the subject and a single tube, which was connected to each manifold in turn, was then connected with the pump and gas analyser. FIG. 2. Shown in position on the subject are the sampling tubes next to the skin and the nitrogen supply system which is placed between the outer protective garment and the underclothes.
Nitrogen was fed into the microclimate by one harness which consisted of six tubes of equal length emerging from a manifold at waist level, one tube going to each leg and arm and one each to the front and back of the trunk. The tubes were perforated with a double row of 1 mm holes at 4 cm intervals. Using this harness it was possible to introduce nitrogen more or less evenly throughout the microclimate.
It is important that the sampling harness, unlike the nitrogen supply harness, samples only from the open end of the tubes as the use of tubes perforated with holes along their length leads to tube dilution curves being introduced as a complication. The sampling harnesses were strapped directly on to the
group.bmj.com on June 18, 2017 -Published by http://oem.bmj.com/ Downloaded from skin and the nitrogen harness was placed between the outer protective garment and the under clothing. Samples were withdrawn from the microclimate at 05 1/min and analysed by a type OA 137 Servomex oxygen analyser, the output of which was fed into an ultraviolet recorder.
Procedure A wind speed of 325 ft/min (1-65 m/sec) was used in the first study, 210 and 450 ft/min (1-07 and 2-3 m/sec) in the second study, and 180 ft/minm 0 92 m/sec) in the third.
After dressing, the subject entered the wind tunnel and was connected to the nitrogen supply and sampling tubes. Nitrogen was then fed into the microclimate until the oxygen percentage had dropped to about 15 %, at which point the nitrogen was turned off and the subject started a simple rope hauling task which was maintained until the oxygen returned to atmospheric level. The procedure was repeated three times on the trunk and trousers of each garment. The ultraviolet traces were analysed by measuring the height of the curve above a selected base line ( Fig. 3 ) at 4-second intervals, 12 to 17 measurements normally being made.
The data on the trunk or trousers of a particular garment thus consist in the main of three runs each with about 17 readings at 4-second intervals.
The model describing the time behaviour of the oxygen concentration is derived and discussed in an Appendix to this paper. It predicts that p(t), the proportion of oxygen in the gas content of the suit at time t, rises on a curve of exponential form towards a final value of about 0-21, the atmospheric level. The experimental points are fitted extremely well by this model. As the experiments were conducted in a climatic chamber to which nitrogen was being added, the oxygen concentration outside the garment varied slightly between runs. This variation was apparent in the initial data plots and so the model was made to cope with such variation by allowing the parameters p0 and P, (see Appendix equation (1)) to vary between runs. The parameter r, which will be called the exchange rate, determines the rate at which the curve approaches stability and may be regarded as a single measure of speed of air exchange in the garment. The model was fitted to the data by non-linear least squares.
Having estimated the exchange rate of the model, each run is separately plotted out by the computer together with its fitted curve to enable a visual check for anomalies to be made. Other information is also computed, such as the parameter covariance matrix (from which the standard errors of the parameters may be computed), the half-lives of the curves, and confidence limits for the fitted model.
When it is decided that the curves fit the data adequately the exchange rate values for different garments may be compared by ranking them from high to low and testing for significant differences (cf Tables 1 and 2 ).
Results
Occasionally the dilution curves (Fig. 3) show irregular changes in oxygen concentration and this was attributed either to actual changes in exchange rate of short duration or to the shunting of the microclimate air around the garment during some body movements. In general the curves are good and fit the model well (Fig. 4) . 12- 13. Second study The exchange rates for the five suits in the second study are illustrated in Figure 5 .
Three runs were made for each suit (trunk and trousers) in each of two wind speeds, and the figure shows the values of the exchange rate r pooled over sets of three runs. It appears that air exchange is generally faster for the trunk than for the trousers and increases with wind speed. To examine thcse and other questions posed by the diagram, an analysis of variance was performed on r, the three main factors being suit, body half (trunk or trousers), and (Table 3 ). As each cell in this analysis contains three estimates of r (from three experimental runs), a between replicates variance is available and this is extremely low. The implied high reproducibility of the experiment makes every comparison significant in the analysis of variance, in particular the body half factor and its interactions with other factors. Because of the difference between the body halves it was decided that treating trunk and trousers separately would give a more comprehensible picture and the two analyses are shown in Table 3 . For both trunk and trousers, the interaction term is high so that the effect of wind speed is different on different suits. Referring to Fig. 5 , this means that the trunk lines (broken) for different suits cannot be considered parallel, and similarly for the trousers. The figures in parentheses in Table 3 are ratios of mean squares to the interaction mean square. Their interpretation for trunk is that in spite of the interaction, the higher wind speed generally produces a higher exchange rate, and overall differences between suits are still large. For the trousers, wind speed again has an effect on the rate but the suit differences are lost.
All of this is evident from a study of Figure 5 . Assessing differences between selected pairs of individual points on the diagram, the standard errors are O020 (trunk) and 0031 (legs).
Third study
The results obtained on the chemical proof garments are plotted in Figure 6 . The trousers are considered first. The exchange rates for the combination suit and the bib and brace overall when worn with the jumper are very similar, indicating that little is achieved in the way of increased ventilation of the legs by changing from a one-piece to a two-piece design. Elastication of the trousers at the waist (e) lowers the rate of air exchange, and removal of the jumper from the bib and brace trousers (d) is able to identify changes in permeability as a result of adding a raincoat to the assembly and the influence of windspeed. It would appear that the permeability of this type of clothing may be influenced by the relative humidity of the air. The expansion of the fibres and reduction in permeability of closely woven fabrics of the type the raincoat is made from is well known. The increase in permeability of the woollen suit may be due again to changes in the dimensions of fibres with humidity but because of the different weave they act to open up the fabric; certainly the feel of the suit material changed considerably on exposure to the high humidity.
Work routines
The exchange rates for the trunk of the lined duck suit No. 1 with the six different forms of work are shown diagrammatically in Figure 8 . Each type of work influences the rate at which the microclimate air isexchanged, those resulting in pronounced movement of the garment having the greatest effect.
Discussion
The technique of diluting the oxygen in the microclimate and then following its return to the atmospheric value is technically very easy and, with the work routines used in this study, shows a high reproducibility and resolving power. Using separate sampling systems, it is possible to study the trunk and trousers as two separate parts of the garment.
In some garments distinct differences in the exchange rates for these two regions can be observed, so indicating where design changes may be required. The speed with which the garments can be studied is very high compared with standard physiological procedures. In oider to demonstrate physiologically differences between garments in the rate at which sweat is evaporated from the microclimate, experiments lasting about 2 hours per garment run are required. A trace gas run on both trunk and legs takes about 6 minutes.
Two garments in the first study (FA and FB) were a tight fit. It therefore appeared worth while to test them on a slimmer subject (J.H.) to determine if variations in 'fit' could be identified. The results as illustrated in Table 2 show that the fit of a garment can have a significant influence on the rate at which the microclimate air is exchanged. When the results obtained on G.W.C. are compared with those from J.H., with the exception of non-significant changes in the trousers of F.B. and D.S., all the exchange rates increase significantly when the garments are worn by a slimmer subject.
The garments which are open at the wrists, ankles, and waist (DS and S) have significantly higher exchange rates than those of the other garments. The duck suit and smock also differ significantly, the duck suit having the higher exchange rates, possibly because of the opening at the ankles and the smaller overlap between trunk and legs. At the other extreme the trousers of FA had the lowest rates of exchange.
Again this is what might be expected because of the elastication at the ankles and wrists. The air exchange in the trunk of the FNBS occurred more or less at the same rate as in FA and FB but the trousers were nearer to the FB trousers. This may indicate that the FNBS trousers were not a tight fit over the boots and allowed air exchange to take place.
The results of the first study showed that one of the main features of the fisherman's conventional protective clothing, the smock and duck suit, is the high rate of air exchange existing between the microclimate and ambient air. It is almost certainly this feature which enables these impermeable garments to be used by trawler fishermen at an activity level graded as moderate to hard work without becoming soaked in sweat. When other clothing designs are used with improved waterproof qualities, i.e., cuff and ankle seals (FA), the air exchange rate constant is significantly reduced. The second series of tests was done to compare new designs of the duck suit as well as the foamed neoprene boiler suit, with and without wrist seals, against the original duck suit, this time with the ankles sealed, to determine the loss in ventilation as a result of the design changes. The lined duck suit No. 1 behaves in essentially the same way as the standard duck suit but the addition of the buoyancy aid layer has reduced the rate of air exchange. The lined duck suit No. 2 jacket also behaves in essentially the same way as the standard.
It is apparent from these tests that the incorporation of cuff seals into the jacket has a pronounced effect on its microclimate air exchange characteristics. In addition other aspects of the garment design are also influencing the exchange rate of the jacket adversely.
Considering the one-piece foamed neoprene garments, it is surprising to find that their rates of exchange are very similar to those of the cuff-sealed duck suits and that the presence From this study it appears that a trace gas technique is eminently suitable for measuring the rate at which clothing microclimate air is exchanged for ambient air. The technique has a high resolving power, enabling the effect of design changes, sizing, wind velocity, and work routines on the exchange of air to be studied. The method is very quick and cheap compared with standard physiological procedures and enables the different compartments of the microclimate to be studied.
APPENDIX
Derivation and discussion of model Let the total amount of gas inside the suit be VT litres; this is assumed to be constant in time. Also let the proportion of oxygen inside the suit at time t minutes after the start of the experimental run be p(t), the other VT[l -p(t)] litres being chiefly nitrogen.
The mixture of oxygen and nitrogen inside the suit is exchanged during a run with air from outside which contains a proportion po (approximately 0-21) of oxygen. We assume that the rate of this exchange is constant in time and that the gas mixture inside the suit is homogeneous at all times. Gas is also drawn off for sampling at a constant rate. The sum of these two rates will be denoted by r and called the exchange rate, so that rVT litres of gas per minutre are exchanged between the suit and the air.
It may be shown that p(t), the suit oxygen concentration at time t, satisfies the differential equation dp d= r [po-p(t)] which integrates to p(t) = po -Pi exp (-rt)
This is an exponential process in which po is the asymptote (eventual value of p(t)), Pi is a constant such that the difference po -Pi is the initial value of p(t) at time t = 0, and r (the exchange rate) is the exponential decay parameter of the curve.
It must be mentioned that the meter reading (say y) is not precisely equal to, or proportional to, p(t); in fact there is a short time lag involved for which a reasonable description is that y approaches p(t) at a rate proportional to its distance from p(t). Investigation showed this to have the effect of introducing a second exponential term into equation (1). However, this second exponential decays much faster than the first, and has become negligible in comparison with the first by the time readings start at some time after t = 0. Thus this aspect was ignored.
Some preliminary fitting of equation (1) showed that the estimated value of po was in many cases slightly, but by a statistically significant amount, lower than its expected value, around 0-21. The most plausible explanation was that there was a pocket, or pockets, of nitrogen in the suit remote from the sampling area and exchanging gas with the rest of the suit relatively slowly. The effect of this on the model was investigated and led to the differential equation r(VT -VP\ d2p dp ( VT dt2 + +°d t +aP= poa, where Vp is the gas content of the pocket in litres, aVT is the rate of exchange (litres/minute) of gas between the suit and the air, and flVP is the rate of exchange of gas between the pocket and the rest of the suit.
This leads to a model involving two exponentials p(t) = po -A exp (-rLt) -B exp (-r2t) (2) where A, B are constants of integration, and rL, r2 are simple functions of a, Pi.
If Vp is small compared with VT, r1 and r2 are nearly equal to a and P respectively and can therefore be roughly identified as the component rates due to suit-air exchange and pocket-rest of suit exchange. Equation (2) was fitted to a few sets of data but gave little better fit than (1). An explanation might be that one pocket is too simple a description. For instance, the folds in the trouser leg might, in effect, form a chain of pockets exchanging gas all along the line and eventually with the air. It was decided to use equation (1) in the analysis on the following grounds: (a) examination of residuals from model (1) gave no evidence of systematic lack of fit; (b) use of model (2), or more complicated versions, is likely to give small return for much calculation and computing effort; (c) interpretation of results is straightforward for model (1) since it involves a single parameter r which is identified as the exchange rate of gas between the suit and the air.
